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© Surface-supported particulate metal compound catalysts, their preparation and their use in 
hydrocarbon synthesis reactions. 

©A catalyst composition comprised of a particulate metal compound dispersed, alone or with a metal 
promoter, as a thin cataJytically active film upon a particulate support, the film thickness being determined to 
maximize CO conversion and minimize methane conversion in a hydrocarbon synthesis reaction. The prepara- 
tion of the catalyst and its use in a process to convert carbon monoxide and hydrogen to a distillate fuel is 
*2 disclosed. 



C3 
CO 

CD 
CD 
CM 



OL 
EU 



ID: <EP . 0266898A2 I > 



Xerox Copy Centre 



0 266 898 



2 Si 

3 i r 

a • 

a i 

I * 

1 1 

1U % 

DC S 

£ 2 

CO CO 



-^7 ixi 



C3 -=» 

S • e 



6 v A 



s u 
<o v - 
in v 



© 



N 



Jgo 

o 



L>3 

e 



i 



10 »v 

6 7 4 



NO 

s§ is 

«= O S5 
0 <i2 



?§ 

© 



1 I I 

>ho % now 



8 

8 ^ 



> 

o 
=5 
a 
O 
tr 
a. 



i I 



CID: <EP OPfifiRQRA? I > 



la. 



70 



0 266 898 



IMPROVED SURFACE SUPPORTED PARTICULATE METAL COMPOUND CATALYST, THEIR USE IN HY- 
DROCARBON SYNTHESIS REACTIONS AND THEIR PREPARATION " 



BACKGROUND OF THE INVENTION 
1 • Field of the Invention 

This invention relates to catalyst compositions, process wherein these compositions are used for the 
preparation of liquid hydrocarbons from synthesis gas, and process for the preparation of said catalyst. In 
particular, it relates to catalysts, and process wherein C 10 * distillate fuels, and other valuable products are 
prepared by reaction of carbon monoxide and hydrogen over catalysts wherein a metal is dispersed as a 
thin film on the outside surface of a particulate carrier, or support especially a titania carrier, or support. 

2. Description of Information Disclosures 



T5 Particulate catalysts, as is well known, are normally formed by dispersing catalytically active metals, or 
the compounds thereof upon earners, or supports. Generally, in making catalysts the objective is to 
disperse the catalytically active material as uniformly as possible throughout a particulate porous support, 
this providing a uniformity of catalytically active sites from the centre of a particle outwardly. 

Catalysts have also been formed by dispersing catalytically active materials upon dense support 

20 particles; particles impervious to penetration by the catalytically active materials. Ceramic or metal cores 
have been selected to provide better heat transfer characteristics, albeit generally the impervious dense 
cores of the catalyst particles overconcentrates the catalytically active sites within a reduced reactor space 
and lessens the effectiveness of the catalyst. Sometimes, even in forming catalysts from porous support 
particles greater amounts of the catalytic materials are concentrated near the surface of the particles simply 

25 because of the inherent difficulty of obtaining more uniform dispersions of the catalytic materials throughout 
the porous support particles. For example, a catalytic component may have such strong affinity for the 
support surface that it tends to attach to the most immediately accessible surface and cannot be easily 
displaced and transported to a more central location within the particle. Catalyst dispersion aids, or agents 
are for this reason often used to overcome this effect and obtain better and more uniform dispersion of the 

30 catalytically active material throughout the catalyst particles. 

Fischer-Tropsch synthesis for the "production of hydrocarbons from carbon monoxide and hydrogen is 
now well known, and described in the technical and patent literature. The earlier Fischer-Tropsch catalysts 
were constituted for the most part of non-noble metals dispersed throughout a porous inorganic oxide 
support. The group VIII non-noble metals, iron, cobalt, and nickel have been widely used in Rscher-tropsch 

35 reactions, and these metals have been promoted with various other metals, and supported in various ways 
on various substrates, principally alumina. Most commercial experience, however, has been based on cobalt 
and iron catalysts. The first commercial Fischer-Tropsch operation utilized a cobalt catalyst, though later 
more active iron catalysts were also commercialized. The cobalt and iron catalysts were formed by 
compositing the metal throughout an inorganic oxide support. The early cobajt catalysts, however, were of 

40 generally low activity necessitating a multiple staged process, as well as low synthesis gas throughout. The 
iron catalysis, on the other hand, are not really suitable for natural gas conversion due to the high degree of 
water gas shift activity possessed by iron catalysts. 

U.S. 4,542,122 describes improved cobalt catalyst compositions useful for the preparation of liquid 
hydrocarbons from synthesis gas. These catalyst compositions are characterized, in particular, as cobait- 

45 titania or thoria promoted cobalt-titania. wherein cobalt, or cobalt and thoria. is composited or dispersed 
upon titania, or titania-containing support, especially a high rutile content titania. U.S. 4,568.663 also 
discloses cobalMitania catalysts to which rhenium is added to improve catalyst activity, and regeneration 
stability. These catalysts have performed admirably well in conducting Fischer-Tropsch reactions, and in 
contrast to earlier cobalt catalysts provided high liquid hydrocarbon selectivities, with relatively low methane 

50 formation. 

More recent publications also disclose cobalt catalysts as well as a process for the preparation of such 
catalysts by immersion of a porous carrier once or repetitively within a solution containing a cobalt 
compound. The cobalt is dispersed over the porous carrier to satisfy the relation EV P TV C <0.85 and EVp,TV c 
50.55. respectively, where IV C represents the total volume of the catalyst particles and EV P the peel 
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volumes present in the catalyst particles, the catalyst particles being regarded as constituted of a kernai 
surrounded by a peel. The kernai is further defined as one of such shape that at every point of the kernai 
perimeter the shortest distance (d) to the perimeter of the pee! is the same, d being equal for all particles 
under consideration, and having been chosen such that the quantity of cobalt present in ZV P is 90% of the 
5 quantity of cobalt present in EV C . These particular catalysts, it is disclosed, show higher C 5 ♦ select* vities 
than catalysts otherwise similar except that the cobalt component thereof is homogeneously distributed, or 
uniformly dispersed, throughout the carrier. Suitable porous carriers are disclosed as silica, alumina, or 
silica-alumina, and of these silica is preferred. Zirconium, titanium , chronium and ruthenium are disclosed 
as preferred of a broader group of promoters. Albeit these catalysts may provide better selectivities in 

70 synthesis gas conversion reactions via-a-vis catalysts otherwise similar except the cobalt is uniformly 
dispersed throughout the carrier, like other cobalt catalysts disclosed in the prior art, the intrinsic activities 
of these catalysts are too low as a consequence of which higher temperatures are required to obtain a 
productivity which is desirable for commercial operations/Higher temperature operation, however, leads to a 
corresponding increase in the methane selectivity and a decrease in the production of the more valuable 

75 liquid hydrocarbons. - 

Productivity, is defined as the standard volumes of carbon monoxide converted/volume catalyst/hour. 
High productivities are essential in achieving commercially viable operations. However, it is also essential 
that high productivity be achieved without high methane formation, for methane production results in lower 
production of liquid hydrocarbons. Accordingly, and important and necessary objective in the production v..' 

20 and development, of catalysts is to produce catalysts which are capable of high productivity combined with 
low methane selectivity, 

Despite improvements, there nontheiess remains a need for catalysts capable of increased productivity, 
without Increased methane selectivity. There is, in particular, a need to provide further improved catalysts! 
and process for the use of these catalysts in synthesis gas conversion reactions, to provide further 
25 increased liquid hydrocarbon selectivity, especially C 10 + liquid hydrocarbon selectivity, with further reduced 
methane formation. 

It has been proposed that both needs may be met with available catalyst powder of the size 80-140 
mesh (approximately 0.15 mm in diameter). However, additional factors should be considered in the design 
of a fixed bed reactor; namely, the pressure drop in the reactor, and the removal of the heat generated by 
30 the reaction. 

These require the design of catalyst pellets which retain the properties of the powder catalyst (80-140 
mesh) but are larger in size (> 1.0 mm). However, since the reactants have to diffuse through liquide-filled 
pores, the longer diffusion path may create concentration gradients within the pellet. Such gradients alter 
the hydrogen to carbon monoxide ratio in the pellet due to the lower diffusivity of the latter. As a result the 
35 selectivity to methane, which depends on this ratio, increases considerable. Furthermore, since the rate of 
reaction depends on the concentration of the two reactants, the productivity is smaller in a pellet than in 
powder. 

Because the pellets have to be used in a fixed bed reactor, the design of the catalyst pellet has to be \ } 
directed toward minimizing the methane selectivity and maximizing the productivity. The catalyst of the 
40 present invention is designed to achieve this purpose. c 



THE INVENTION 

45 The present invention is embodied in a supported particulate metal compound catalyst comprising a 

particulate metal compound on a support which includes an inert or hollow core and an outer layer of 
porous inorganic refractory oxide. The thickness of this layer of porous inorganic oxide will be determined 
so as to maximize CO conversion and minimize methane conversion by relating the rate of diffusion of the 
CO and H 2 to a rate of reaction at a predetermined temperature, partial pressures, support geometry and 

so catalyst type and preparation. 

The particulate metal compound may generally be a compound of cobalt or ruthenium with or without 
the additional presence of other metals as promoters. 

in a preferred embodiment of the invention the catalyst of the present invention may comprise a 
particulate cobalt catalyst formed by dispersing cobalt as a thin catalytically active film upon the surface of 

55 a particulate support, preferably a titania -containing support, especially one wherein the rutile: anatase ratio 
of the titania support is at least about 3:2. 
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The catalysts of this invention can be used to produce, by contact and reaction at reaction conditions 
with an admixture of carbon monoxide and hydrogen, a distillate fuel constituted principally of an admixture 
of linear paraffins and olefins, particularly a C 10 . distillate, at high productivity, with low methane 
selectively. This product can be further refined and upgraded to high quality fuels, and other products such 
5 as mogas, diesel fuel and jet fuel, especially premium middle distillate fuels of carbon numbers ranqina 
from about C 10 to about C 20 . 

As stated above, the design of a catalyst in accordance with invention requires a consideration of the 
rate of diffusion of the CO and the H 2 and relating these rates to a rate of reaction in the porous inorganic 
oxide for a predetermined support geometry, partial pressures and temperatures. 
70 The concentrations of both hydrogen and carbon monoxide decrease as they diffuse into the catalyst 
pellet due to significant mass transfer resistance inside the pores. The global rate of CO conversion in the 
pellet decreases. Furthermore, the methane production rate increases which is a result of its dependency 
on the ratio between the hydrogen to CO concentration which increases in the pellet. This ratio increases if 
the parameter T (see equation 11 below) is less than unity. This behavior was observed in Co or Ru 
75 catalysts supported on titania. silica or alumina. 

At a certain depth in the pellet, the hydrogen to CO ratio reaches values which cause most of the CO to 
be converted to methane which is detrimental to the process. This depth which is called the optimum rim 
thickness can be determined from the peilet model. Increasing the rim thickness diverts most of the 
marginal CO conversion to methane while decreasing the rim thickness decreases the CO conversion 
20 significantly. Therefore, for an optimal operation, the optimal rim thickness should be determined 

As will be discussed below with respect to Figures 2 and 3, it is not possible to simultaneously 
maximize CO conversion and minimize methane conversion. However, it is possible to choose a rim 
thickness so as to optimize CO conversion to heavy hydrocarbons. 

e process of the present invention is carried out at a rate of CO conversion to hydrocarbons such that 
the percentage of methane production is maintained at a predetermined low level so as to make the entire 
process useful and practical. 

As the rim thickness increases above the optimal rim thickness, the marginal increase in CO conversion 
is accompanied by an increase in the percentage of methane production in the converted carbon monoxide 
This is observed in Figure 2 and 3 discussed below. At the optimal rim thickness, most of the increase in 
conv ersion goes into methane production. Since an object of the present invention is to limit methane 
production in the converted CO. a rim thickness must be chosen at about this value. 

The supported catalyst may be fabricated by a number of different methods known in the art see e g 
- Scientific Basis For The preparation of Heterogenous Catalyst. Preprints of the Fourth International 
Symposium, September 1-4, 1986, Louvain-La-Nueve, Belgium. 

35 

BRIEF DESCRIPTION OF THE DRAWINGS 

Figure 1 shows the model predictions for methane selectivity as a function of pellet radius compared 
40 with experimental data. * p 

Figure 2 shows carbon monoxide conversion and methane selectivity as a function of rim thickness 
for spherical pellets. 

Figure 3 shows carbon monoxide conversion and methane selectivity as a function of rim thickness 
for a ring, and cylindrical pellets. 

45 F.gure 4 is a graph summarizing the methane selectivity produced at a given productivity for each of 

2T catalysts described in tables 4-6. 



25? 



30X 



50 



55 



DETAILED DESCRIPTION OF THE INVENTION 

The two reactants, hydrogen and carbon monoxides, diffuse in the liquide filled pores to reach the 
active metal sites on the support. The function of the support is to increase the surface area which is equal 
to about 20 rn^/g in this case. At steady-state, the fluxes of the two reactants in the pores are equal (since 
there is no accumulation): 
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where the flux is expressed as a product of the effective diffusivity D e and the concentration gradient. £ is 
the stoichiometric coefficient which is equal to 2.07 for the hydrocarbon synthesis reaction. The ratio of the 
gradient depends on the ratio of the two diffusitivities. Since the diffusitivity of hydrogen is greater than that 
of carbon monoxide, the hydrogen to carbon monoxide ratio is expected to increase, moving from, the pellet 
5 . surface towards its center. 

A differential mass balance inside the pellet pores for the carbon monoxide (which is the limiting 
reactant, namely it is depleted before the other reactant) yields: 

T5 where x is the radial position measured from the external surface towards the center, Pp is the pellet density 
C co is the CO concentration in the liquid-filled pores and r co is the intrinsic rate of reaction on the active 
sites, s is equal to two for a sphere and to unity for a cylinder. This analysis has been carried out for a 
sphere or a cylinder. However, the analysis can be extended to three shapes. For example, rims having a 
ring shape or a semi-circular shape may be used. 

20 The boundary condition on the external surface is: 

25 

where Pco ,b is the CO partial pressure in the bulk gas phase and H co is the Henry's law constant The other 
boundary condition is set in two cases: 

1 . inert core ? 



d x 

2. hollow core 

In the deviation of the boundary conditions it is assumed that the external mass transfer resistance is 
negligible. This assumption was tested both experimentally and theoretically. Furthermore, the pellet is 
assumed to be isothermal, based on calculations which indicated temperature gradients less than 0.1 
degree C, as exepected for liquid-filled porous catalysts. 

Equation (2) is general for any reaction with diffusion, while the rate of reaction depends on the catalyst 
system. The intrinsic rate expression (free of internal or external mass transfer resistance) for catalyst 
systems such as cobalt or ruthenium or titania or silica can be written as: 

The values of k1, k2, k3, E1, a. b and c are calculated from kinetic rate data obtained in laboratory reactors. 
The kinetic parameter k1 usually depends only on the metal concentration on the support. However, in 
certain cases such as cobalt on titania. it is also a function of the water partial pressure: 
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where A is the cavity of the catalyst. 

Equation (6) can be expressed in terms of the CO and H? concentrations using the Henry's law: 



^co = fco/Hco j Cm = 



H 



(8) 



Furthermore, the H 2 concentration can be expressed in terms of the CO concentration by integrating 
75 equation (1) to give 



(i) 



or 



25 



30 where 



i-r/i - Hc 2 C £i N \ 



(10) 



De,H H<o Pn,b 



00 



Substituting equations (6) and (10) into equation (2) and expressing the equation in dimensioniess form 
yields the dimensioniess number 
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D € ,co Ck Pco.b? 



<t>. called the Thiele modulus, is the ratio between the maximum rate of reaction and the maximum rate of 
diffusion. If <6 » 1 the process is diffusion limited while for * <sc 1 the process is kinetic limited. Since <f> is 
directly proportional to the thickness of the active layer or rim, diffusion is important in pellets and negligible 
in powder. The other factors affecting <j> are the partial pressures, temperatures and the catalyst activity 
(metal loading). 

y expresses the ratio between the maximum rate of diffusion of the two reactants. If -y = 1 , the ratio of 
carbon monoxide to hydrogen remains unchanged in the pores while for y < 1 this ratio decreases. 

Equation (2) is solved to yield the concentration profiles in the pores of the pellet. Then the 
concentration profiles are integrated over the volume of the pellet to calculate the effectiveness factor which 
is the ratio of the actual rate of reaction (called the global rate of reaction) and the maximum rate reaction 
calculated at the surface conditions: 
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-^ vl f r< ° JV (13) 

The same concentration profiles are integrated using the rate of methane production rate r CH 4 to yield 
the effectiveness factor for methane 



TO 



rs 



"X* r^,. (ft, ft, ft-). (14) 



r CH 4 was also obtained from kinetic measurements: 



T - k.egp/' -CEVE.'ft Ei ^ (15) 

Finally, ri co and 77CH4 are employed in the reactor mass balance to calculate the carbon monoxide 
conversion and the methane selectivity. For simplicity, the reactor is assumed to be isothermal: 

wldf 8= «* r " <««> 

** <"H4 CO 

where Yco,i is the carbon monoxide mole fraction in the feed, 6 f is the mass velocity, M - t is the molecular 
weight of the feed, PB is the bed density and and Xch4 are the carbon monoxide and methane 
conversion, respectively. 



25 



30 



40 



45 



50 



55 



Although the fixed bed reactor is nonisothermal, the results presented here hold also in this case. Since ) 
the temperature increase never exceeds 30 degrees F, the optimal rim thickness can be calculated at the 
average temperature in the bed. 

Estimation of Effective - Dfffusitivities 

The carbon monoxide conversion and the methane selectivity were measured with a 6% Co-0.5% Re 
catalyst of different pellet sizes. The hydrogen to CO ratio in the feed was 2.0. Those data were used to 
estimate the carbon monoxide and hydrogen effective diffusivities following the procedure: 
Values of D e ,C and D e ,H were assumed; 

The effectiveness factors t, co and VC H4 were calculated from equations (9) and (10) and the solution of 
equation (2) given the inlet conditions to the reactor; 

Then the carbon monoxide conversion and the conversion to methane were calculated by integrating 
equations (16) and (17). Since the effectiveness factors are a function of the carbon monoxide, hydrogen 
and water partial pressures, the effectiveness factors were recalculated along the reactor as the partial 
pressures changed; 

The methane selectivity was calculated from the ratio of the conversion to methane and the carbon 
monoxide conversion Xco; 

The calculated carbon monoxide conversion and the methane selectivity were compared with the experi- 
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mental values for the various pellet sizes; 
and 

The effective diffusivities are adjusted to give the best fit of the experimental data. A comparison between 
the predictions and the data are given in Figure 1 and Table 1 . 

5 In accordance with this invention the catalytically active metallic comoonent is dispersed and supported 
upon a particulate refractory inorganic oxide carrier, or support as a thin catalytically active surface layer, 
film, or rim whose optimum thickness may be determined by relating the rate of diffusion of the CO and 
hydrogen in the feed to the reaction zone to a rate of reaction in the refractory inoragnic oxide carrier or 
support for a predetermined support geometry, partial pressures and temperature. Suitable supports are, 

to e.g. silica, silica-alumina, alumina or titania. Titania or a titinia-containing support is preferred, especially a 
titania wherein the rutile:anatase ratio is at least about 3:2. The feature of a high metal loading in a thin 
catalytically active layer located at the surface of the particles, while the metal is substantially excluded 
from the inner surface of the particles, is essential in optimizing the activity, selectivity and productivity of 
the catalyst in producing liquid hydrocarbons from synthesis gas, while minimizing methane formation. 

T5 Metal such as rhenium, zirconium, hafnium, cerium, thorium and uranium or the compounds thereof, 
can be added to the active metal catalyst, e.g. cobaft or ruthenium, to increase the activity and 
regenerability of the catalyst Thus, the thin catalytically active layers, or films, formed on the surface of the 
support particles, especially the titania or titania containing support particles, can include in addition to a 
catalytically active amount of active metal, e.g. cobalt or ruthenium, any one or more of rhenium, zirconium, 

20 hafnium, cerium, uranium, and thorium, or admixtures of these with each other or with other metals or 
compounds thereof. 

Cobalt is the preferred catalytic metal component of the catalyst used in the catalysts and process of 
the present invention. When cobalt is the active metallic component dispersed and supported upon a 
particulate refractory inorganic oxide carrier or support as a thin catalytically active surface layer, film or rim 
zsmtihe thickness of this layer, film or rim will range from 0.02 millimeters (mm) to about 0.25 mm, preferably 
v from about 0.04 mm to about 0.15 mm, with the loading of the cobalt expressed as the weight metallic 
cobalt per packed bulk volume of catalyst ranging from about 0.01 grams (g) per cubic centimeter (cc) to 
about 0.15 g/cc, preferably from about 0.03 g/cc to about 0.09 g/cc catalyst. Preferred thin catalytically 
active layers, or films, supported on a support, notably a titania or a titania-containing support, thus include 
od cobalt-rhenium, cobalt-zirconium, cobalt-hafnium, cobalt-cerium, cobalt-uranium, and cobalt-thorium, with or 
without the additional presence of other metals or compounds thereof. 

A particularly preferred catalyst is one wherein the cobalt, or the cobalt and a promoter, is dispersed as 
a thin catalytically active film upon titania, T1O2, or a titania-containing carrier, or support, in which the titania 
has a rutiie:anatase weight ratio of at least about 3:2, as determined by ASTM D 3720-78: Standard Test 
35 method for Ration of Anatase to Rutile In Titanium Dioxide Pigments By Use of X-Ray Diffraction . Generally, 
the catalyst is one wherein the titania has a rutile:anatase ratio ranging at least about 3:2 to about 100:1, or 
greater, and more preferably from about 4:1 to about 100:1, or greater. Where any one of rhenium, 
zirconium, hafnium, cerium, thorium, or uranium metals, respectively, is added to the cobalt as a promoter 
to form the thin catalytically active film, the metal is added to the cobalt in concentration sufficient to 
40 provide a weight ratio of cobalt:metai promoter ranging from about 30:1 to about 2:1, preferably from about 
20:1 to about 5:1. Rhenium and hafnium are the preferred promoter metals, rhenium being more effective in 
promoting improved activity maintenance on an absolute basis, with hafnium being more effective on a 
cost-effectiveness basis. These catalyst compositions, it has been found, produce at high productivity, with 
low methane selectivity, a product which is predominately C10+ linear paraffins and olefins, with very little 
46 oxygenates. These catalysts also provide high activity, high seletivity and high activity maintenance in the 
conversion of carbon monoxide and hydrogen to distillate fuels. 

The cobalt catalysts of this invention, as a contrasted with (i) cobalt catalyst, the cobalt portion of which 
is uniformly distributed throughout the support particles or (ii) cobalt catalysts having a relatively thick 
surface layer of cobalt on the support particles, have proven especially useful for the preparation of liquid 
so hydrocarbons from synthesis gas at high productivities, with low methane formation. In contrast with the 
catalysts of this invention, the prior art catalysts are found to have lower activity, and especially poorer 
selectivity due to sever diffusion limitations. These catalysts (i) and fii). supra, at high productivities, 
produce altogether too much methane. As productivity is increased to produce greater conversion of the 
carbon monoxide to hydrocarbons, increased amounts of methane are concurrently produced. It was thus 
55 found that increased productivity with these catalysts could only be obtained at the cost of increased 
methane formation. This result occurs, it is believed, because the carbon monoxide and hydrogen reactants 
all too slowly diffuse through the pores of the particulate catalyst which becomes filled with a liquid product 
this resulting in underutiiization of the catalytically . active sites located within the interior of the particles. 
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Both hydrogen and carbon monoxide must thus diffuse through the product-liquid filled pores, but hydrogen 
diffuses through the pores at a greater rate of speed than the carbon monoxide. Since both the hydrogen 
and the cabon monoxide are reacting at the catalytic sites at an equivalent rate, a high H2/CO ratio is 
created in the interior of the particle which leads to high methane formation. As the rate of reaction is 
5 increased, e.g., by incorporating higher intrinsic activity or by operating at higher temperature, the catalyst 
becomes more limited by the rate of diffusion of the reactants through the pores. Seiectivities are especially 
poor under the conditions of high productivity. Thus, the catalyst used during a Fischer-Tropsch hydrocar- 
bon synthesis reaction is one the pores of which become filled with the product liquid. When the CO and H2 
are passed over the bed of catalyst and consumed at a rate which is faster than the rate of diffusion, H2 
70 progresses to interior of the particle to a much greater extent than the CO, leaving the interior of the 
particles rich in H 2 , and dificient in CO. The formation of methane within the particle interior is thus favored 
due to the abnormally high H2/CO ratio; an unfavorable result since CH4 is not a desirable product The 
extent to which selectivity is debited depends on the magnitude of the difference between the rate of 
diffusion and the rate of reaction, i.e., the productivity. 

ts The catalyst of this invention is thus one wherein essentially ail of the active cobalt is deposited on the 
surface of the support particles, notably the titania or titania-containing support particles, while cobalt is 
substantially excluded from the inner surface of the particles. The surface film of cobalt must be very thin 
and contain an adequate loading of cobalt to maximize reaction of the hydrogen and carbon monoxide at 
the surface of the catalytic particle. The promoter metal to be effective must also be contained within the 

20 surface film of cobalt. If extended into the interior of the particle outside the cobalt film the promoter metal 
will have little promotional effect, if any. The metal promoter should thus also be concentrated within the 
cobalt film at the surface of the catalyst, with the weight ratio of cobalt:meta! promoter, as suggested, 
ranging from about 30:1 to about 2:1, preferably from about 20:1 to about 5:1. The thickness of the surface 
metal film can be conveniently measured by an Electron probe Analyzer, e.g., one such as produced by the 

25 JEOL Company, Model No. JXA-50A. Cross sections of the catalyst particles of this invention rheasured via 
use of this instrument shown very high peaks, or shoulders, at the edges of the particles across the particle 
across the line of sweep representative of cobalt concentration, with little or no cobalt showning within the 
. particle interior. The edge, or tt rim n of the "radially impregnated catalyst" will thus contain essentially all of 
the cobalt added to the catalyst, The thickness of the film, or rim, is unrelated to the absolute size, or shape 

30 of the support particles. Virtually any size particle can be employed as is normally employed to effect 
catalyst reactions of this type, the diameter of the particle ranging generally from about 0.5 mm to about 2 
mm. The particles can be of virtually any shape, e.g., as is normally employed to effect reactions of this 
type, viz., as beads or spheres, extrudates, ring, saddles or the like. By concentrating the catalytic metal, or 
metals, on the extreme outer surface of the particles, the normal diffusion limitation of the catalyst can be 

35 overcome. This new cataJyst is more active in its function of brining about a reaction between the CO and 
H 2 . The catalyst because of its having the thin layer of catalytically active metal on its surface is in effect 
found to behave more ideally, approaching, in fact, the behavior of a powdered catalyst which is not 
diffusion limited. However, unlike in the use of powdered catalysts the flow of the reactants through the 
catalyst bed, because of the larger particle size of the catalyst, is virtually unimpeded. Higher productivity, 

40 with lower methane selectivity, is the result; a result of considerable commercial consequence. At 
productivities greater than 150 hr 1 (standard volumes of carbon monoxide converted per volume of catalyst 
per hour), notably from about 150 hr 1 to about 200 hr~\ less than 10 mole percent of the carbon monoxide 
converted is converted to methane. 

In conducting synthesis gas reactions the total pressure upon the CO and H 2 reaction mixture is 

46 generally maintained above about 80 psig, and preferably above -140 psig. It is generally desirable to 
employ carbon monoxide, and hydrogen, in molar ratio of H 2 :CO above about 0.5:1 and preferably equal to 
or above about 1.7:1 to increase the concentration of C 10+ hydrocarbons in the product. Suitably, the 
H 2 :C0 molar ratio ranges from about 0.5:1 to about 4:1, and preferably the carbon monoxide and hydrogen 
are employed in molar ratio H 2 :CO ranging from about 1.7:1 to about 2.5:1. In general, the reaction is 

50 carried out at gas hourly space velocities ranging from about 100 V/Hr/V to about 5000 V/Hr/V, preferably 
from about 300 V/Hr/V to about 1500 V/Hr/V, measured as standard volumes of the gasesous mixture of 
carbon monoxide and hydrogen (0 degrees C, 1 Atm.) per hour per volume of catalyst. The reaction is 
conducted at temperatures ranging from about 160 degrees C to about 290 degrees C, preferably from 
about 190 degrees C to about 260 degrees C. Pressures preferably range from about 80 psig to about 600 

55 psig, more preferably from about 140 psig to about 400 psig. The product generally and preferably contains 
60 percent or greater, and more preferably 75 percent, or greater, C 10+ liquid hydrocarbons which boil 
above 160 degrees C (320 degrees F). 
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The catalysts employed in the practice of this invention can be prepared by spray techniques where a 
drtute soUifon of a cobalt compound, along or in admixture with a promoter mete, com^nd or 
rnnt^n 35 !* t ™ m ** cont acted with the hot support particles, e.g.. the titania. or fitania- 

lTZ7n?» SU JT< rt t P3rtlC,e3 - 1716 particu,3te e.g.. the titania or titania-contalning support particles™ 

ZET? "TT ^ eqUa ' t0 ° f **** 140 deQrees C when contacted with^he spray, and 

deoti C unT r ^ re , ° 8 T° ^ 8 - 9 - *" ttania - ° r « tenia ^ tai « i «9 ^PPort. ranges from about 140 
S J up * "I 8 decomposition temperature of the cobalt compound, or compounds in admixture 

JTSEJT^S; 140 d69reeS C to lbout 180 de9rees C - ^ coba,t impound employed in 

mL?™^ "* 0r f nometa,,ic or ""Wte compound which decomposes to give cobalt oxide upon 

nSttinJif .okT" «* 3 " at,on ' SUCh 38 COb3,t nitrate - 0052,1 acetate - coba,t acetylacetonate. cobalt 

SSEZEIl T Z ^ nifrate iS espeda "y P referred -hite cobalt ha. de and 

sulfate salts shouW generally be avoided. The cobalt salts may be dissolved in a suitable solvent eg 

Z h r* OCarbon solvent such » ketone, methanol, pentane or the like. The total amount 
ESL JS*? 06 3Uffident t0 SUPP ' y tHe PrOPer Cata,VSt ,0adi °9- wi1h tne n,m being build up by 
e S ^Z, 0 T^SJ e T\T: SUPPOrt " nd *" 7,16 Pre,erred te o- which oon'siS 

sun^rTLlS, I ^ ft Pmm ° ter ' diSperS8d upon 1,16 t" 3 "' 3 - or titania^ontaining support 

^L V ^ fr ° m 3tMut 005 9 of cobalt/ml of solution to about 0.25 g of cobalt/ml of solution 

preferably from about 0.10 g of cobalt/ml of solution to about 0.20 g of cobaSml oT section (pTusTe 
n°^ U h ? d fr COnta, K in9 I" Pr0m ° ter metal ' if deSir6d) » generally from at least about 3 to SZ 12 £££ 
SSf22^SJ^5 90 ^ ° 0ntacte - with inte - eni "9 *ylnQ and calcination steps being 
word* ^1 li^f th ' CkneSS - 7,16 h0t Support ' mania - or ^-containing supporTln othS 
Z c!,ZZ ^ 3 f 51 T!? WhiCh inClUd6S 1,16 Spray COntaot ES 56 with subsequent drynVng 

Scin^on ^ ^ "JS ' nClUdeS *• Spray COntaCt SSL S! with subsequent drying and 

catanafcon. a third spray contact which includes the spray contact per Te with subsequent dryino and 

coSS^r; t0 ^ 2 fi ' m 01 ^ reqUired thiCkneSS ™» composSn. The drying Xs are generSy 

Sut IS SLSZTEi r 9 '" 9 , ab ° Ve 3bOUt 20 degrees C ' preferab, y from 20 degre e to 

about 125 degrees C. and the catenation steps at temperatures ranging above about 150 deqrees C 
preferably from about 150 degrees C to about 300 degrees C aegrees C. 

mJr^lf J 3 ,* 6 Preferr8d SUPP ° rt - " i$ USSd 38 3 ^P 0 * either ^ons or in combination with other 
matenals for forming a support The titania used for the support is preferably one which conteins a 

' ™ rt °, / at,0 ,° f * ,8aSt ab ° Ut 3:2 ' 35 determined Dy diffractio " (ASTM D 3720-S). ThelSnia 
supports preferably contain a rutileranatase ratio of from about 32 to about 100-1 or q eater more 

IS ^ 100:11 ° f 9re3ter - The -" rt "» ° f such fon^sof ^iaCL mS 
about 50 m*/g These weight concentrations of ruffle provide generally optimum activity and C,„ 
hydrocarbon selectivity without significant gas and C0 2 make. acnviiy. ana o 10 . 

The prepared catalyst as a final step is dried by heating at a temperature above about 20 dearees C 
o T 20 dS9reeS ° ^ 125 d69reeS C - in P^-ce of nitrogen or o^gen or bS in S 
conS^ I *' VaCUUm " " " neC8SSary t0 activate the «-y« P rior to Preferably, the cSySt fe 
SS^rl e ^S^ a r oxyQe ^ onteini "9 0" at temperature sufficient to ox/dize the 

^.r^ H ^ ° C03 ° 1 - Tem P eratures r ^9in9 above about 150 degrees C. and preferably above 

Zfe^C ^TJr^T 0rV 10 C ° nVert the C ° ba,t t0 *" ° Xide ' but temperatures above about^ 

oration J ^ the ST ""T "TT"^ ^ reaeneration of 3 severe| y ^activated catalyst. Suitably. 
l^-J the cobalt ,s achieved at temperatures ranging from about 150 degrees C to about 300 

r^ZS' °hl S ' CO ? tai " ed ° n 1,15 C3ta,ySt 3re tne " reduced - Reduc *°" is P^ed by 
contact of the catalyst whether or not previously oxidized, with a reducing gas. suitably with hydrooen or a 

□CSTTSS Z te T r r es above 200 de *™ c > preferab,y S tffi 

SXric r f V " J^ ySt ' S redUGed ^ tem Peratures ranging from about 200 degrees C to about 
SoJ TSZ1 t ran9,n9 fr ° m 813001 °- 5 t0 about 24 hours at P re ^ rangin7from ambient to 

^c™u?r^r C ° ntanin9 hydr ° 9en 3nd in6rt COmP ° nente in 3dmi — ia for use 

selec^rfSr 5 . 01 T ^1^°" f 3 " b ° re g ener3 ted. and reactivated to restore their initial activity and 
selectivity after use by washing the catalyst with a hydrocarbon solvent, or by stripping with a qas 

^S^^S^JSST 1 "IT 3 9aS ' m0St Preferab,y With hydr00en ' ° r 3 i S inert or no" 
reacfive at stopping conctnons such as nitrogen, carbon dioxide, or methane. The stripping removes the 

h^rocarbons which are iiquid at reaction conditions. Gas stripping can be performed at subsZafiy toe 
STl ^SSZ 2nd PreSSUreS 3t Wh L ch *° roacti °n is carried out. Pressures can be lower however, as 
low as atmosphenc or even a vacuum. Temperatures can thus range from about 160 degrees C to about 
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290 degrees C, preferably from about 190 degrees C to about 260 degrees C, and pressures from below 
atmospheric to about 600 psig. If it is necessary to remove coke from the catalyst, the catalyst can be 
contacted with a dilute oxygen-containing gas and the coke burned from the catalyst at controlled 
temperature below the sintering temperature of the catalyst Most of the coke can be readily removed in 
.5 this way. The catalyst is then reactivated, reduced, and made ready for use by treatment with hydrogen or 
hydrogen-containing gas with a fresh catalyst. 

The invention will be more fully understood by reference to the following examples and demostrations 
which present comparative data illustrating its more salient features. 

to 

Example 1 

Simulations of the carbon monoxide conversion and methane selectivity as a function of the rim 
thickness are depicted in Figure 2 for a spherical pellet loaded with catalysts having two different activities. 

T5 A hydrogen to Co ratio of 2.0 in the feed was assumed. The carbon monoxide conversion increases with 
with the rim thickness up to its maximum value. The methane selectivity remains almost constant up to 
certain rim thickness where it increases steeply. Over a range of rim thicknesses the carbon- monoxide 
conversion reaches almost its maximum value while the methane selectivity is still low. Specifically, in 
Figure 2 for a spherical pellet with an activity of 6 x 104 moi/s/g/atm 2 the range is 0.13 to 0.15 mm while for 

20 an activity of 1.2 x 105 mol/s/g/atm 2 the range is 0.08 to 0.10 mm. This is the essence of the invention. 
Based on design specification, a rim thickness can be determined to give both -a high carbon monoxide 
conversion and a low methane selectivity. The exact value of the rim thickness depends on the catalyst 
activity, the partial pressures, the temperature and the pellet shape and configuration. Am example of a ring 
and a cylinder is given in Figure 3. The behavior of those pellet is similar in terms of the effect of rim 

25 thickness on CO conversion and methane selectivity. The detailed calculations are carried out for each 
pellet shape using the general reaction and diffusion model. 



Example 2 

30 

Experiments were performed in a reactor 3 ft long and 0,5 in. in diameter. The reactor was packed with 
1 mm dia. spherical catalyst pellets loaded uniformly with 6% Co - 0.5% Re. Isothermal conditions were 
maintained in the reactor. 

Data obtained at various temperatures and hydrogen to CO ratios in the feed were compared with the 
35 predictions of the model. As explained previously, the carbon monoxide conversion and methane selectivity 
were obtained by integrating equations (16) and (17) and calculating the effectiveness factors from 
equations (13) and (14). 

In the experiments with a hydrogen to CO ratio in the feed of less than the stoichiometric ratio (2.07), i ) 
the ratio decreased along the bed. Since the methane seietivity depends on this ratio, it decreased -as the 

40 hydrogen to CO decreased. Furthermore, since the diffusion in the catalyst pores was one of the limiting 
steps in this system, a lower hydrogen to CO ratio increases the y parameter which means a lower 
methane selectivity. A comparison of experiments 4, 5 and 6 illustrates the improvements in methane 
selectivity. In experiment 3, the methane selectivity increased as compared with experiment 6 because the 
temperature was higher. The agreement for both the methane selectivity and the carbon monoxide 

45 conversion were good, as shown in Table 2. 



EXAMPLE 3 

so Experiments were performed in a reactor 3 feet long and 0.5 inches in diameter. In this case the reactor 
was operated under nonisothermal conditions, namely the temperature changed along the reactor. The 
reactor was packed with a spherical rim pellet with 6% Co-.5% Re catalysts (based on the rim mass). The 
pellet size, rim thickness and catalyst activity are given in Table 3. The pressure was 20 atm. 

The prediction of the carbon monoxide conversion and methane selectivity requires the solution of a 

55 heat balance for the reactor along with the mass balances in equations (16) and (17). A comparison of the 
temperature profiles, CO conversion and methane selectivity are given in Table. 3. 
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The data indicate that the CO conversion is dose to the maximum conversion attainable for those 
pellets under the given conditions (73% and 78% for Experiments A and B. respectively). However, the 
methane selectivity was lower than the 11% expected for those pellets as reported in Figure 1. 

The rim tested in this Example was not of optimal size. A 0.1 mm rim would have lowered the methane 
selectivity to about 5% while keeping the conversion at about 70%. 

EXAMPLE 4 

Simulations were performed for a pellet of ring shape. The operating conditions assumed in the 
simulations are: 
reactor diameter - 1.5" 
pellet outer diameter - 1 .5 mm 
pellet inner diameter • 1 .0 mm 
75 gas mass velocity - 800 lb/ft 2 /h 

coolant temperature - 347 degrees F * , 

catalyst activity - 1 .4 x 1 05gmol/s/g/atm 2 

feed composition - 64% H 2( 32% CO, and 4% N 2 

The heat balance and the mass balance in equations (16) and (17) were solved to yield the followinq 
20 results: 

maximum temperature rise - 30 degrees F 
CO conversion - 70% 
methane selectivity - 5.6% 



30 TABLE 1 

MODEL PREDICTIONS COMPARED. WITH DATA 







Bulk 






Pellet Radius 




Density 


CO Conversion 


nm 


GHSV* 


g/cm3 


exp. 


pred. 


0.068 


1500 


1.47 


76 


74 


0.166 


1320 


1.47 


76 


. 77 


0.252 


1000 


1.53 


78 


83 


0.356 


1140 


1.59 


73 


69 


0.500 


840 


1.73 


75 


76 


0.705 


510 


1.64 


79 


81 


* Gas hourly space velocity. 
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70 



75 



TABLE 2 

20 



25 



PREDICTED AND EXPERIMENTAL SELECT IVITIES 
AND CONVERSIONS 



Feed Selectivity, % CO Conversion, % 
SxP* Tmp«, °C H?AX> exp. pred« exp« pred. 



30 



35 



40 



1 


185 


1.70 


6.6 


4.2 


48 


52 


4 


192 


2.00 


9.6 


8.1 


76 . 


76 


2 


199 


1.55 


6.6 


5.0 


56 


57 


3 


204 


1.69 


8.1 


7.7 


63 


65 


4 


193 


2.19 


10.2 


10.0 


74 


74 


5 


193 


1.90 • 


7.6 


7.3 


74 


76 


6* 


193 


1.70 


5.3 


4.7 


74 


76 



* The activity decreased by about 10%, 
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Table 3 



MODEL PREDICTIONS AGREE WITH NON- ISOTHERMAL 
PELLET DATA 



Dp m 1 # 10 nm Rim Thick, * 0*15 inn 

T0 H 2/CO in the feed - 2.0 

ki » 12*0 x 10 4 gmol/g/s/atm 2 



TS 



45 



SO 



55 



EXPERIMEOT A EXPERIMENT B 







Exp. 


Pred. 


Exp. 


Pre 




. Co Conv. , molt 


70.6 


71.6 


75.3 


76. 




CH4 Sel., mol% 


8.5 


8.4 


8.5 


8. 


20 


AXIAL POSITION 




TEMPERATURE, 


Op 








TO 


TO 


TO 


TO 


25 


0.0 


377 




389 






0.09 


383 


385 


398 


401 


30 


0.19 


385 


387 


401 


403 


0.29 


388 


388 


405 


405 




0.39 


390 


390 


406 


406 




0.49 


390 


390 


405 


405 


35 


0.59 


390 


390 


405 


404 




0.69 


388 


389 


402 


402 




0.79 


387 


388 


400 


399 




0.89 


385 


387 


397 


397 




0.99 


381 


385 


393 


395 



The catalysts of this invention are disclosed in the following examples and demonstrations as Catalysts 
Nos. 14-21. These are catalysts which have surface film falling within the required range of thicknesses, and 
the surface film contains the required cobalt metal loadings. It will be observed that all of Catalysts No 14- 
21 were formed by a process wherein a heated particulate TiOz substrate was repetitively contaacted with a 
dilute spray solution containing both the cobalt and rhenium which was deposited as a thin surface layer or 
film, upon the particles. Catalysts No.s 14-21 are contrasted in a series of synthesis gas conversion runs 
with Catalysts Nos. 1-8, catalysts wherein the metals are uniformly dispersed throughout the TiOz support 
particles. They are also contrasted in runs made with Catalysts Nos. 9-13. also "rim" catalysts but catalysts 
wherem the surface films, or rims, are too thick (Catalysts Nos. 10-13), however prepared, or do not contain 
an adequate cobalt metal loading within the surface film, or rim (Catalyst No. 9). As will be observed from 
the data presented, it is clear that at high productivities the catalysts formed from the uniformly impreg- 
nated TiOz spheres produce high methane. Moreover, even wherein a film of the catalytic metal is formed 
on the surface of the particles, it is essentia) that the surface film, or rim of cobalt be very thin and also 
contain an adequate loading of cobalt in the film. This is necessary to maximize reaction of the H 2 and CO 
at the surface of the particle wherein the cobalt metal reaction sites are located, while simultaneously 
reactions within the catalyst but outside the metal film or rim are suppressed to maximize productivity and 
lower methane selectivity. The following data thus show that the catalysts of this invention, i.e.. Catalysts 
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Nos. 14-21, can be employed at productivities above 150 hr 1 , and indeed at productivities ranging above 
. 150 hr~ 1 to 200 hr 1 , and greater, to produce no more and even less methane than is produced by (i) 
catalysts otherwise similar except that the catalysts contain a thicker surface film, i.e., Catalysts Nos. 10-12, 
or (ii) catalysts which contain an insufficient cobalt metal loading within a surface film of otherwise 
s acceptable thinness, i.e., Catalyst No. 9. The data show that the catalysts of this invention at productivities 
ranging above about 150 hr 1 to about 200 hr' 1 , and greater, can be employed to produce liquid 
hydrocarbons at methane levels well below 10 mole percent 



ro EXAMPLE 5 : 13 

A series of twenty-one different catalysts were prepared from titania, T1O2, supplied by a catalyst 
manufacturer in spherical form; the T1O2 having the following physical properties, to wit 
14-20 Tyler mesh size (1 mm average diameter) 

rs 86-95% rutile content (by ASTM D 3720-78 test) 
14-17 m 2 /g BET surface area 
0.11-0.16 g/cc pore volume (by mercury intrusion) 

In the catalyst preparations, portions of the T1O2 spheres were impregnated with cobalt nitrate and 
perrhenic acid via several impregnation techniques as subsequently described. In each instance, after 

20 drying in vacuo at 125-185 degrees C, the catalysts were calcined in flowing air at 250-500 degrees C for 3 
hours. A first series of catalysts (Catalyst Nos. 1-8) were prepared wherein the Ti02 spheres were uniformly 
impregnated, and these catalysts then used in a series of base runs (Table 4). Catalyst Nos. 9-1 1 (Table 5) 
and 12-21 (Table 6) were prepared such that the metals were deposited on the outside surface of the 
spheres to provide a shell, film or rim. The thicknesses of the catalyst rim, or outer shell, were determined 

25 in each instance by Electron Microprobe Analysis. Runs were made with these catalysts, each being 
contacted with synthesis gas at similar conditions and comparisons then made with those employed to 
provide the base runs. 

Catalysts Nos. 1-8, described in Table 4 were prepiared as uniformly impregnated catalysts to wit: A : ' 
series of uniformly impregnated TiOz spheres were prepared by immersing the T1O2 spheres in acetone • 

30 solution of cobalt nitrate and perrhenic acid, evaporating off the solutions, and then drying and calcining the 
impregnated spheres. The Co and Re loadings, expresses as gms metal per cc of catalyst on a dry basis, 
deposited upon each of the catalysts are given the second and third columns of Table 4. 

Catalysts Nos. 9-1 1 , were prepared to contain an outer rim, or shell. These catalysts were prepared by 
a liquid displacement method which involves first soaking the TiO z in a water-immiscible liquid, draining off 

35 the excess liquid, and then dipping the wet spheres into a concentrated aqueous solution of cobalt nitrate 
(0.24g Co/ml and perrhenic acid (0.02g Re/ml). Contact with the metal salt solution is limited to a very short 
period of time, during which the solution displaces the pre-soak liquid from the outer surface of the support 
particles. The rim-impregnated catalyst is quickly blotted on paper towels and dried in a vacuum oven at 
140 degrees C, Results are summarized in Table 5. The second column of Table 5 thus identifies the pre- 

40 soak liquid, the third column the displacement time in minutes, the fourth and fifth columns the g Co/cc and 
g/Re/cc, respectively, and the sixth column the rim thickness of the outer metal shell in microns. 

Catalysts Nos. 12-21, described in Table 6, were prepared to have metal shells, or rims by use of a 
series of spray techniques. T1O2 spheres were spread out on a wire screen and preheated in a vacuum 
oven at various temperatures. The hot spheres were removed from the oven, sprayed with a small amount 

45 of metal salt solution, and returned without delay to the oven where drying and partial decomposition of the 
cobalt nitrate salt occurred. The spraying sequence was repeated several times in order to impregnate a 
thin outer layer, or rim of Co-Re onto the support. Preparative details are as follows: 

The solutions, I, II and III, each constituted of a different solvent, and having specific concentrations of 
cobalt nitrate and perrhenic acid were employed in a series of spraying procedures. The three solutions are 

so constituted as follows: 
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Solution 
Number 
I 

II 
III 



Cobalt Nitrate 
Concentration 
g/ Co/ml 
0.12 

0.12 
0.12 



Perrhenic Acid 
Concentration 
g Re/ml 
0.01 

0.03 
0.01 



Solvent 
20* H20 
8036 Acetone 
• H20 
Acetone 



Five separate procedures, Procedures A, B. C, D. and E. respectively, employing each of these three 
solutions, were employed to prepare catalysts, as follows: 

A: 30 ml of Solution I added to 50 g T1O2 spheres in 5 spraying 
B: 30 ml of Solution I added to 50 g Ti02 spheres in 3 spraying 
C: 25 ml of Solution I added to 50 g T1O2 spheres in 5 spraying 
D: 50 ml of Solution II added to 100 g TIOi spheres in 5 spraying 
E: 25 ml of Solution III added to 50 g T1O2 spheres in 5 spraying 

J? ( ef !T enC ! iS mad8 to Table ? - T»» procedure employed in spray coating the respective catalyst is 
identified in the second column of said table, and the TIO2 pre-heat temperature is given in the third column 
of said table. The gCo/cc and gRe/cc of each catalyst is given in Columns 4 and 5, respectively, and the 
thickness of the catalyst nm is given in microns in the sixth column of the table. 

The.cataiyss were diluted, in each instance, with equal volumes of TiO* spheres to minimize 
temperature gradients, and the catalyst mixture then charged into a small fixed bed reactor unit In 
preparation for conducting a run. the catalysts were activated by reduction with hydrogen at 450 degrees C 
at atmosphenc pressure for one hour. Synthesis gas with a composition of 64% H2-32% CO-4% N, was 
men converted over the activated catalyst at 200 degrees C. 280 psig for a test period of at least 20 hours 
Gas hourly space velocities (GHSV) as given in each of the tables, represent the flow rate at 22 degrees C 
and atmospheric pressure passed over the volume of catalyst, excluding the diluent Samples of the exit 
gas were penod.cally analyzed by gas chromatography to determine the extent of CO conversion and the 
selectivity to methane, expressed as the moles of CH, formed per 100 moles of CO converted. Selectivity 
to C^-expressed as the wt.% of C^in the hydrocarbon product, was calculated from the methane selectivity 
date using an empirical correlation developed from data obtained in a small pilot plant. A productivity figure 
is also given for runs made with each of these catalysts,, productivity being defined as the product of the 
values represented by the space velocity, the CO fraction in the feed and the fraction of the CO converted- 
ttie productivity being the volume CO measured at 22 degrees C and atmospheric pressure converted per 
hour per volume of catalyst. w 
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The effectiveness of these catalysts for conducting synthesis gas reactions is best illustrated by 
comparison of the methane selectivity at given productivity with Catalysts 1-8 (Table 4), the catalysts 
formed by the unifomi impregnation of the metals throughout the TiO* catalyst spheres, and Catalysts 9-11 
(Table 5) and 12-21 (Table 6). those catalysts wherein the metals were deposited as a shell, or rim, upon 
the outs.de of the T.0 2 catalyst spheres. The same type of comparison is then made between certain of the 
latter class of catalysts, and others, which also differ one from another dependant upon the thickness of the 
metals-containing nm. These data are best graphically illustrated for ready. visuaJ comparison. Reference is 
thus maoe to Figure 4 wherein the methane selectivity produced at given productivity is plotted for each of 
the twenty-one catalysts described by reference to Table 4-6. A solid black data point is plotted for each of 
Catalysts Nos. 1-8. formed from the uniformly impregnated Ti0 2 spheres, and each data point is identified 



18 



ID: <EP 0266898A2 I > 



0 266 898 



by catalyst number. An open circle is plotted for each data point representative of Catalysts Nos. 9-21, each 
is identified by catalyst number, and the rim thickness of the catalyst is given. The behavior of many of 
these catalysts (i.e., Catalysts 9-13), it will be observed is somewhat analogous to that of Catalysts Nos. 1- 
8. Catalysts Nos. 14-21, however, behave quite differently from either of the other groups of catafysts, i.e., 
5 Catalysts Nos. 1-8 or Catalysts 9-13. The methane selectivity is thus relatively low for catalysts Nos. 9-13, 
but at the same time the productivities of these catalysts are quite low. On the other hand, the productivities 
of Catalysts Nos. 1-8 tend to be higher than those of Catalysts Nos. 9-13, but at the same item these 
catalysts produce 'copious amounts of methane. In striking contrast to either of these groups of catalysts, 
Catalysts Nos. 14-21, all of which fall within the "box" depicted on the figure, provide very high 
7o productivities and, at the same time, low methane select! vities. Catalysts Nos. 14-21 thus differ profoundly 
from any of Catalysts Nos. 1-13 in their behavior, and in that the metals components of these catalysts is 
packed into a very thin rim, or shell, on the surface of the Ti0 2 support 

These data thus show that at constant temperature as productivity increases so too does methane 
selectivity for both the groups of catalysts represented by Catalysts Nos. 1-8, the uniformly impregnated 
ts catalyst, and catalysts Nos. 10-13 which have relatively thick outer shells, or rims. Thus, methane selectivity 
increases in proportion to the metals loadings when the metals are dispersed throughout the support or 
carrier portion of the catalyst. Methane selectivity also increases in proportion to the thickness of the 
catalyst rim. Albeit the methane selectivities obtained with Catalysts Nos. 10-12 are within acceptable 
ranges, the productivities obtained with these catalysts are quite low. Catalysts No. 13 is poor on both 
2o counts. Catalysts No. 9, although it has a thin metallic rim and provides Jow methane selectivity, its 
productivity is quite poor because of an insufficient loading of metals within the rim. Catalysts Nos. 14-21 
which have thin metallic rims and relatively high metals loadings within the rims, on the other hand, provide 
low methane selectivities and high productivities. 

The results observed with Catalysts No. 1-13 are consistent with the onset of a significant diffusion 
25 limitation at the higher productivities, which intensifies as the catalysts become more active. In sharp 
contrast however, catalysts which, have cobalt rim thickness of about 180 microns, and less, notably from 
about 60 microns to about 160 microns, can produce at high productivities (i.e., about 150 hr\ or even 200 
hr* 1 ), very low methane selectivities. Catalysts with very thin rims counteract the diffusion problem by 
limiting reaction to the outer surface of the catalyst wherein lies the catalytically active metal components. 
33 The catalysts of this invention thus provide a means of operating at high productivity levels with low 
methane selectivities. Methane selectivities are reduced at higher and higher productivities, as the rim 
thickness is made smaller, and smaller. When productivity is increased beyond 150 hr\ the metals rim 
should be no more than about 180 microns thick, and the rim should be even thinner. This region of 
operation, the best balance between activity and selectivity, is represented in Figure 4 by the area enclosed 
35 within the box formed by the dashed lines. 

These data further show that the catalysts of this invention (Catalyst Nos. 14-21) can be readily 
prepared by the process of sequentially, or repetitively spraying hot or preheated T1O2 spheres with 
solutions containing compounds, or salts of the metals. Suitably, the T1O2 substrate is preheated to 
temperatures of at least about 140 degrees C, suitably to temperatures ranging from about 140 degrees C 
40 to about T85 degrees C prior to or- at the time of contact thereof with the solution. Higher temperatures can 
be employed, but temperatures below about 140 degrees C do not produce a sufficiently thin rim of the 
metals on the catalyst support. The repetitive spraying technique is shown to be superior to liquid 
displacement technique used to prepare Catalyst Nos. 9-11 wherein only low cobalt loadings were 
deposited in a single contact because of the cobalt concentration limit in the displacing solution. Longer 
46 displacement time increases the metal loading but produces a thicker rim as shown by Catalyst No. 11 
compared with Catalyst No. 10. The spray technique provides especially good dispersion of the metals as a 
thin nm at the outer surface of the support particles by application of the metals a little at a time by multiple 
impregnations. Loading the metals onto the catalysts in this manner increases the activity of the catalysts, 
and provides higher productivity. 
so There reactions can be conducted with these catalysts in fixed bed, or ebuliating bed reactors with or 
without the recycle of any unconverted gas and/or liquid product. The C 10 . product that is obtained is an 
admixture of linear paraffins and olefins which can be further refined and upgraded to high quality middle 
distillate fuels, or such other products as mogas, diesel fuel, jet fuel and the like. A premium grade middle 
distillate fuel of carbon number ranging from about Ct> to about Ca> can also be produced from the 
55 Cro* hydrocarbon product. The catalyst is preferably constituted of cobalt supported on a carrier, preferably 
titania, and especially cobalt supported on a rutile form of Ti0 2 or rutile-titania-containing support which can 
contain other materials such as SiOz, MgO, Zr0 2 , AiaO*. The catalyst is preferably reduced with a H2- 
containing gas at start-up. 
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It is apparent that various modifications and changes can be made without departing the spirit and 
scope of the present invention. 

Claims 

1 . A catalyst composition useful for the conversion of synthesis gas to hydrocarbons at high productivity 
with low methane selectivity, said composition comprising a particulate metal compound on a support 
charactenzed in that said support includes an inert or hollow core and an outer layer of porous inorganic 
refractory oxide, said layer having a thickness determined to maximise CO conversion and minimize 
conversion wherein said thickness is determined by relating the rate of diffusion of said CO and H 2 to a rate 
of reaction at a predetermined temperature, partial pressures, support geometry and catalyst type and 
preparation. 

2. A catalyst composition according to Claim 1 further characterized in that said metal is a metal 
selected from the group consisting of ruthenium, cobalt or mixtures thereof. 

3. A catalyst composition useful for the conversion of synthesis gas to hydrocarbons at high productiv- 
ity, with low methane selectivity, characterized in that it comprises cobalt dispersed as a catalytically active 
layer upon the surface of a support, the layer ranging in average thickness from about 0.02 mm to about 
0.25 mm, with the loading of cobalt ranging from about 0.01 g/cm3 to about 0.15 cm* calculated as metallic 
cobalt per packed bulk volume of catalyst. 

4. A composition according to any one of Claims 1 - 3 further characterized in that at least one metal 
selected from the group consisting of rhenium, hafnium, zirconium, cerium, uranium, thorium and mixtures 
thereof constitutes part of the catalytically active surface layer. 

5. A composition according to any one of Claim 1 - 4 further characterized in that the catalytically active 
surface layer ranges up to about 180 microns (mu) in thickness. 

6. A composition according to any one of Claims 1 - 5 further characterized in that said support 
comprises titania. ^ 

7. A composition according to any one of Claims 1.-6 further characterized in that the support is 
comprised of a titania which has a rutileranatase weight ratio of at least about £2. 

8. A process for the production of the catalyst of any one of Claims 1 to 7 characterized by the steps 
comprising heating said support to a temperature equal to or in excess of 140 degrees C, and repetitively 
contacting said heated support with a spray of a solution which contains from about 0.05 g/ml to about 0.25 
g/ml of a cobalt compound, calculated as metallic cobalt, per ml of solution, while drying and calcining the 
cobalt-containing support between each contact with the solution, to form a catalytically active layer of 
cobalt upon the surface of said support of average thickness ranging from about 0.02 mm to about 0.25 
mm, with the loading of cobalt ranging from about 0.01 g/cm3 to about 0.15 g/cm3 calculated as metallic 
cobalt per packed volume of catalyst. 

9. A process according to Claim 8 further characterized in that the support is comprised of titania which 
is heated to a temperature ranging from about 140°C to about 185"C and thereafter subjected to from 
about 3 to about 12 contacts with said spray solution. 

10. A process for the conversion of a feedstock comprising H 2 and CO, such as for example a synthesis 
gas, to hydrocarbons, with low methane selectivity comprising contacting at reaction conditions a feed 
compnsed of an admixture of CO and H 2 in a H 2 :CO molar ratio equal to or greater than about 0 5-1 at a 
total (gauge) pressure equal to or greater than about 80 psig (551.6 kPa) over a catalyst composition of any 
of Claims 1 - 7 or a catalyst composition made by the process of Claim 8 or Claim 9. 

11. A process according to Claim 10 further characterized in that the reaction conditions are defined 
withnin ranges as follows: 

H 2 :CO mole ratio 

about 0.5:1 to 4:1 
Gas Hourly 

Space Velocities, V/Hr/V 

about 100 to 5000 
Temperatures, degrees C 

about 160 to 290 
Total Pressure, (psig) kPa (gauge) 
(about 80 to 600) 

about 551.6 to 4.137 
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12. A process according to Claim 10 or Claim 11 further characterized in that at productivities greater 
than 150 h' 1 less than 10 mol percent of the carbon monoxide which is converted is converted to methane. 
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LEGEND: FIG. 4 

• UNIFORMLY IMPREGNATED SPHERES, wscwtion indicates catalyst numbers 
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